Pattern formation in desiccated sessile colloidal droplets with salt
  admixture: Short review by Tarasevich, Yuri Yu. et al.
Pattern formation in desiccated sessile colloidal droplets with salt admixture: Short
review
Yuri Yu. Tarasevich∗
Astrakhan State University, Astrakhan, Russia
Sujata Tarafdar†
Physics Department, Jadavpur University, Kolkata 700032, India
Tapati Dutta‡
St. Xavier’s College, Kolkata 700016, India
(Dated: November 4, 2016)
This short review is devoted to the simple process of drying a multi-component droplet consisting
of a complex fluid containing a salt. These processes provide a fascinating subject for study. The
explanation of the rich variety of patterns formed is not only an academic challenge, but a prob-
lem of practical importance, as applications are growing in medical diagnosis and improvement of
coating/printing technology. The fundamental scientific problem is the study of the mechanism of
micro- and nanoparticle self-organization in open systems. The specific fundamental problem to be
solved, related to this system is - the investigation of the mass transfer processes, the formation and
evolution of phase fronts and the identification of mechanisms of pattern formation. The drops of
liquid containing dissolved substances and suspended particles are assumed to be drying on a hori-
zontal solid substrate. The chemical composition and macroscopic properties of the complex fluid,
the concentration and nature of the salt, the surface energy of the substrate and the interaction
between the fluid and substrate which determines the wetting, all affect the final morphology of the
dried film.
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sol, gel, phase transition, crystal growth, morphology of crystals, desiccation cracks
I. INTRODUCTION
The structures observed after drying biological fluids
on a horizontal impenetrable substrate attracted the at-
tention of European researchers as early as the 1950s [1–
11]. Unfortunately, this series of articles did not attract
attention from the physics community. In the 1980s the
phenomenon has been reopened in the USSR [12]. In
the 1980s-1990s, doctors of the Soviet Union and the
countries of the former Soviet Union began to use the
appearance of structures formed by drying droplets of
biological fluids for the diagnosis of various diseases. Nu-
merous articles are published in Russian, in medical jour-
nals, dissertations are defended, and different methods
are patented that are devoted to the diagnosis of dis-
eases on the basis of the structures formed by drying
droplets of biological fluids. The relevant references can
be, for example, found in the books [13–16]. Unfortu-
nately, the world scientific community is poorly informed
about these works of Soviet and Russian scientists, since
only a very few of these articles have been published in
English [17–22].
In the last two decades, interest in the structures aris-
ing on drying complex fluids has increased worldwide due
to a variety of applications, such as bio-preservation [23,
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24], high-throughput drug screening [25], fast identifica-
tion of fluid and substrate chemistry based on automatic
pattern recognition of stains [26], assessment of quality of
products [27], and Raman spectroscopy [28–38]. During
the high-throughput drug screening, pattern formation
in the the drying sample is not desirable [25]. Several re-
views [39–44] and books [45–48] based on pattern forma-
tion during desiccation, published within the short span
of just four years confirms the intensely growing interest
in this topic.
While performing the experiments seems very simple
(table top experiments producing interesting patterns
can be done even at home), understanding the physics
behind the pattern formation phenomena turns out to be
extremely complicated and involves a number of interre-
lated processes of different nature [49, 50]. During desic-
cation of biological fluids, a sequence of various physical
and physico-chemical processes can be observed [51, 52].
For example, redistribution of the components occurs.
Protein molecules are carried out by flows to the edge of
the droplet, and accumulate to form a gel. The salt is
distributed over the whole area of the droplet almost uni-
formly. After complete drying of the droplet, a protein
precipitate remains on the substrate in the form of a ring,
the width of the ring depends on concentrations of the
protein and the salt [14, 53]. Salt crystals can form frac-
tal (dendritic) structures [54–58]. In the later stages of
drying, a sample may crack [48, 54, 59], the characteris-
tic pattern of the cracks also helps in diagnosing diseases
which the subject may be suffering from [60].
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2Analysis based on a visual comparison of the struc-
tures formed by drying a liquid drop [12–15, 18] has sig-
nificant drawbacks. Conclusions are liable to be sub-
jective, without techniques for defining quantitative pa-
rameters to characterize the structures. Computer pat-
tern recognition may be tried to eliminate this shortcom-
ing [26, 61, 62].
Although pattern formation can be observed during
drying of both inorganic and organic colloids, the case of
biological fluids is attracting increasingly growing inter-
est from the scientific community in recent years [63–65].
Despite the application of the phenomenon, for prac-
tical purposes and considerable progress in the under-
standing of the phenomenon [49, 50], the theoretical de-
scription of the pattern formation in desiccating biolog-
ical fluids is still incomplete. The physical, biophysical,
biochemical, biological, and physico-chemical processes
occurring in the dehydration of biological fluids remain
largely to be clarified. This explanation is a necessary
background for understanding the connections between
physico-chemical properties of the biological fluids and
observed patterns.
Even though numerous publications in medical litera-
ture have been devoted to pattern formation in biological
fluids during their drying, physicists, chemists and math-
ematicians began to pay attention to this problem only
recently. During the last decade, several groups of physi-
cists began to actively publish work in this direction [64,
66–68]. A significant part of the publications from Rus-
sia belongs to only two research groups, namely a team
from Astrakhan State University [49, 69–76] and a team
from Insitute of Applied Physics RAS [18, 50, 51, 60, 77–
80]. At the same time, interest in pattern formation dur-
ing the drying of biological fluids in the community of
Physicists is growing rapidly outside Russia. Recently, a
number of works have been published [56, 62, 64, 81–83].
Some researches are dedicated to the similar systems,
namely organic [57, 58, 84, 85] and inorganic [59] colloids
with salt admixtures. A considerable part of publications
on desiccation of organic colloids with salt admixtures
belongs to the Indian researchers [57, 58, 84–87].
Most of the studies consider the following scenario: a
droplet of liquid dries on a horizontal hydrophilic sub-
strate with a constant base. Here the fluid-substrate-
vapour triple line is pinned and the contact angle de-
creases [88–90]. Evaporation in the presence of pinning
leads to an outward flow within the droplet; this flow
carries solute and suspended particles to the edge of the
droplet causing a deposit rim to form at the droplet edge.
The processes occurring during the desiccation of the
sessile colloidal droplets and morphology of the result-
ing precipitate depend on many different factors, e.g.
the nature and shape of the colloidal particles [91] and
their initial volume fraction [80], the presence of ad-
mixtures (e.g. surfactants) in the solution [79, 92–
94], ionic strength and pH of the solution [59], the
properties of substrate (thermal conductivity, whether
hydrophilic/hydrophobic) [57, 82, 95, 96], evaporation
mode [62, 81, 97–99], etc.
Classification of possible desiccation modes may be
done using two characteristic times, namely, the dry-
ing time, td, and the gelation time, tg, [59]. There are
three different modes of colloidal sessile droplet desicca-
tion [59]:
1. tg  td, where tg is the gelation time and td is the
desiccation time. The gelled phase occurs near the
droplet edge and moves inward while the central
area of the droplet remains liquid.
2. tg ≈ td. The gelled skin covers the free droplet sur-
faces. This thin shell cannot prevent evaporation of
the solvent. The buckling instability occurs [100].
3. tg  td. The phase transition from sol to gel in
the whole bulk of the droplet is almost instanta-
neous. The gelled droplet loses solvent via evapo-
ration very slowly.
When tg  td, the desiccation process can be divided
into several stages (see, e.g., [51, 101, 102]).
1. Initial single-phase liquid stage. The whole droplet
is a sol. The outward flow carries suspended par-
ticles to the droplet edge until the volume fraction
of the suspended particles, Φ, reaches the critical
value, Φg. Note that particle-enriched region is ex-
tremely narrow, whereas the particle volume frac-
tion in the central area of the droplet is almost
constant along its radius. This stage was simulated
in [69, 71, 73], as well as in [101].
2. Intermediate two-phase stage. A Gelled ring ap-
pears near the droplet edge and grows towards
the droplet center. The volume fraction of the
colloidal particles is constant inside the foot i.e.
the outer gelled band, Φg, and almost constant
in the sol, Φ, except for a rather narrow area
near the phase front. This stage was simulated in
works [74, 75, 103], as well as in [101, 104].
3. Final single-phase solid stage. The gelled deposit
loses the remaining moisture very slowly. Some real
fluids of interest (e.g., biological fluids) can contain
both suspended particles and dissolved substances.
In this case, the dendritic crystals can occur in the
central area of a sample [25, 54, 84]. Finally, the
desiccation crack patterns appear [48, 54, 59, 62,
105–108].
II. 2D MODELS OF MASS TRANSFER
Modelling of the processes occurring during the dry-
ing of colloidal droplet solutions is very complicated, be-
cause these processes are extraordinary varied and com-
plex [51]. The authors have different views about the
driving mechanisms that lead to the formation of the
3FIG. 1. Dried sample of HSA droplet. Courtesy N.A. Koltovoi
solid phase [88–90, 109–111]. For example, [112] con-
sidered competition of convection and sedimentation,
but [101] considered competition of convection and dif-
fusion. Numerous models were proposed during last
two decades. Several models describe some particular
processes occurring during the colloidal droplet desic-
cation, e.g. capillary flow, mass transport processes,
etc. [68, 88, 90, 104, 110–118]. Generally, models are
developed for systems with low concentrations of the col-
loidal particles.
Two very different situations are possible when a col-
loidal sessile droplet desiccates. In the first case, the
particles inside a droplet can interact with each other
only mechanically (impacts). In this case, the deposit
forms a porous medium. Such a medium prevents nei-
ther bulk flow inside it nor evaporation from its surface.
Moreover, such a porous medium can enhance evapora-
tion from its surface due to drainage effect [113]. In the
second case, the colloidal particles can form strong inter-
particle bonds. In this case, hydrodynamic flows, parti-
cle diffusion and solvent evaporation are restricted. The
proposed theoretical models mainly deal with the first
situation [68, 88, 90, 104, 110–118]. Only a few models
treat the deposit as impenetrable for flows and preventing
evaporation [75, 101, 103, 104]. Nevertheless, the simu-
lation of desiccated colloidal droplets with phase tran-
sition is extremely important for high-throughput drug
screening [25], bio-stabilization [23], identification of flu-
ids [26], and medical tests [17, 78, 119, 120]. The mod-
els [75, 101, 103, 104] utilize sets of rather complicated
partial differential equations (PDE).
Several models describing desiccated sessile colloidal
droplets have been reported recently [75, 101, 104, 121,
122]. They are based on lubrication approximation [123].
This approach has several serious shortcomings [124] as
enumerated below.
1. Only thin films can be considered, all quantities
are supposed to be dependent only on one radial
coordinate.
2. In fact, a two phase system is considered as one-
phase, the gel is assumed to be a liquid with
very high viscosity, the hydrodynamic equations
are written for the whole droplet desiccation.
3. The mathematical expression for evaporation flux
above the free surface is speculative rather than
supported by experiments. To our best knowledge,
measurements of the vapour flux above a system
with sol-gel phase transition are not published yet.
4. Knowledge of the effect of particle concentration
on viscosity is needed for calculations. This de-
pendence can be obtained from experiments with
rather large volumes of colloid. Viscosity of a small
droplet with a large free surface and large contact
area with a substrate can deviate from this in a
rather complex manner.
5. It is assumed that all the molecules that get to the
edge of the droplet pass into the solid phase. Gener-
ally, this assumption can be wrong in the presence
of convection of any nature in a droplet. An inward
flux of particles due to diffusion may also exist.
To overcome the limitations of the listed models, a 3-
dimensional (3D) model should be developed and uti-
lized.
III. MODELLING FLOW IN 3-DIMENSIONS
A number of papers devoted to 3D models of processes
inside evaporating droplets were published during the few
last years. Mostly, the articles considered droplets of pure
liquids and simulated flows within them [70, 125–130].
The analytical solutions of the Laplace equation, that de-
scribe the velocity field inside evaporating droplets of a
non-viscous liquid were obtained for the contact angle of
90◦ by Tarasevish [70] and for a case of arbitrary contact
angle by Masoud [131]. Flow inside the boundary line of
an evaporating liquid for any contact angle were found us-
ing Stokes approach [132]. Numerical calculations of the
velocity field within evaporating droplets were performed
using Finite Element Method [126, 133, 134]. Presence
of dissolved substances or suspended particles inside the
droplets and deposit formation were not taken into ac-
count in these models.
IV. 3D MODELS OF MASS TRANSFER
3D models describing the processes inside the particle-
laden droplets were developed using both the contin-
uum and discrete approaches. Development of discrete
models was initiated by the requirements of modelling of
evaporation-driven self-assembly (EDSA) or evaporation-
induced self-assembly (EISA) [118, 135–142]. Additional
4references can be found in the review [143]. Recently
published models considered the Brownian motion of par-
ticles inside the droplets. For instance, in the work of
Petsi [117] the Brownian motion of the particles is su-
perimposed on the hydrodynamic flow calculated previ-
ously [132]. A continuum approach has been applied also
in the works [112, 113, 144].
Unfortunately, the lack of necessary experimental data
impedes development of adequate models. Some experi-
mental data show that transfer of the substances to the
edge of the drying droplets is possible only when the
Marangoni effect is suppressed [145]. However, other ex-
perimental studies demonstrate that the Marangoni ef-
fect is the driving force for the formation of a new phase
on the edge of a drop. Moreover, the direction of flow can
be opposite to a direction that is predicted by calcula-
tions for the pure solvent [146]. Independent experiments
confirmed that the flows in pure liquids and in liquids
with admixtures go in different directions [66, 67]. In the
multi-component liquids of biological origin, the thermo-
capillary and soluto-capillary effects can eliminate each
other [25]. Calculations of various research groups have
shown that during evaporation of the droplet of a pure
liquid there are circular flows caused by the Marangoni
stress. The flow is directed along the droplets base to its
edge and along its surface towards to the center of the
drop [126, 128, 130, 134, 147]. At the same time, exper-
iments conducted with biological fluids exhibit opposite
flow direction [66, 67, 146]. It has been suggested that
during drying of the droplets of biological fluids, gener-
ally Marangoni flow cannot occur; the observed circular
currents are caused by buoyant convection [68].
V. CRYSTAL GROWTH
If salts are present in the droplet, they usually crys-
tallize during drying’ Morphology of the salt crystals
is very sensitive to the kind of salt, concentration and
type of colloidal particles, as well as the rate of evapora-
tion [54, 57, 58, 80, 84–87, 148, 149]. This sensitiveness
allows using the morphology of salt crystals as an indi-
cator, e.g. to diagnose different deceases from biological
fluids [21, 120]. At the same time, this sensitivity im-
pedes modelling because a lot of different effects have to
be taken into account. In fact, all used models should
be treated as semi-empirical. The models often utilize
the lattice approach [58, 150–153] and diffusion equa-
tion [84, 154]. Adequacy of some models [150–152] has
been questioned [154]. Mainly, dendritic crystal growth
can be observed at the final stages of drop desiccation.
Both non-equilibrium growth and presence of impurities
may produce dendritic shape of crystals [155]; these ef-
fects can be reproduced in a simple model [156]. The
phase-field method [157] looks extremely promising for
modelling crystal growth in desiccated colloidal droplets
with salt admixtures, but it requires a lot of additional
information, which is difficult to obtain experimentally.
FIG. 2. Crystal patterns in a dried sample of albumin +
NaCl. Courtesy N.A. Koltovoi
FIG. 3. Crack patterns in a dried sample of albumin. Cour-
tesy N.A. Koltovoi
VI. DESICCATION CRACK PATTERNS
Desiccation crack patterns were intensively investi-
gated both experimentally and theoretically [54, 59, 62,
97, 105, 106, 108, 158–163]. State of the art may be found
in the recently published book [48].
While the study of drying droplets is an interesting
subject of research that leads to pattern formation, phase
segregation and buckling, in some cases the phenomena
also result in cracking of the dried drople [39, 54, 57, 164].
The simple process of drying a small drop of a multi-
component colloidal solution on a flat substrate gives a
wealth of data, which is interesting and potentially use-
ful for practical applications. The crack patterns are used
to extract valuable information in various fields such as
medical diagnosis, forensics related to crime investiga-
tion and material science [47]. The final drying pattern
5and crack nucleation varies with the kinetics of the evap-
oration rate. During solvent evaporation, curvature of
the solvent-air menisci is responsible for a capillary pres-
sure in the liquid phase. The capillary pressure induces
shrinkage of the porous matrix, that is constrained by
the adhesion of the deposit to the glass substrate and
the evaporation of solvent. As tensile stresses build up,
the internal stresses become too great and fractures ap-
pear to release mechanical energy. The differences in
pattern formation arise due to the competition between
the drying process and the adhesion of the matrix on the
substrate.
Annarelli et al. [54] worked on the evaporation, gelling
and the cracking behaviour of a deposited drop of pro-
tein solution, bovine serum albumin. They observed that
the cracks appearing at the gelling edge were regularly-
spaced, and were a result of the competition between
evaporation induced and relaxation induced evolution.
When the crack evolution is only evaporation-induced,
the mean crack spacing is proportional to the layer thick-
ness. However in the case of a drop of bovine serum albu-
min, the evolution of cracks has been described in relation
to the change with time of the average shrinkage stress.
In this case the mean crack spacing was observed to be in-
versely proportional to the deposit thickness. This is un-
expected as normally crack spacing increases with thick-
ness.
Brutin and his group worked on the pattern formation
of desiccating droplets of human blood from which the
coagulation protein had been removed [47, 165]. They
studied the dynamics of the process of evaporation of a
blood droplet using a top-view visualization and the drop
mass evolution during the drying process. Sobac and
Brutin [165] showed that there are two distinct regimes
of evaporation during the drying of whole blood. The
first regime is driven by convection, diffusion and gela-
tion, while the second regime is only diffusive in na-
ture. A diffusion model of the drying process allows a
prediction of the transition between these two regimes
of evaporation. Concentration of the solid mass in the
drop was important and fracture occurred at a critical
mass concentration of solid in a drying drop of blood.
They showed that the final crack patterns formed on
drying droplets of blood collected from a healthy person,
anaemic person and hyperlipidaemic person are quite dif-
ferent. But drawing conclusions for definite diagnosis is
not so straightforward as the crack patterns are strongly
affected by external conditions such as the ambient rela-
tive humidity and the nature of the substrate.
Brutin et al. conclude that the final drying pattern
and crack nucleation varies with the kinetics of the evap-
oration rate. The transfer of water to air is limited by
diffusion and is controlled by the relative humidity in the
surrounding air. The drying process of a sessile drop of
blood is characterized by an evolution of the solution into
a gel saturated with solvent. When the gel is formed, the
new porous matrix formed by the aggregation of parti-
cles continues to dry by evaporation of the solvent which
causes the gel to consolidate. The differences in pattern
formation arise due to the competition between the dry-
ing process.
Carle and Brutin [96] studied the influence of surface
functional groups and substrate surface energy on the
formation of crack patterns and on the dry-out shape in
drying a water-based droplet of nano-fluid. They have
also studied desiccation of blood droplets [82] on differ-
ent substrates such as glass and glass coated with gold or
aluminium. They measured the rate of heat transfer from
the substrate to the fluid drop. They show that wetta-
bility of the substrate by the fluid is the decisive factor,
which can account for the differences in the morphology
of the desiccated blood drop on different surfaces, rather
than the thermal diffusivity which determines rate of heat
transfer from the substrate to the drop. On metallic sur-
faces where the drop is nearly hemispherical and a glassy
skin forms on the fluid-air interface, there are hardly any
cracks. On a glass surface on the other hand, where the
drop is more or less flat, an intricate pattern of cracks
form.
While there are several works on desiccating droplets
done by different groups, there are very few studies on
drying droplets in the presence of a perturbation. The
contact angle of a conductive aqueous drop laden with or-
ganic or inorganic solutes or ambient oils, changes with
the application of Alternating current (AC) voltage dur-
ing drying. Banpurkar et al. [166] studied the above
effects in experiments to demonstrate the potential of
electrowetting-based tensiometry. Contact angle (θ) de-
creases with increasing amplitude (VAC) of AC voltage
following the linear relation of cos θ with VAC . They ap-
plied low frequency AC voltage and obtained interfacial
tensions from 5 mJ/m2 to 72 mJ/m2, in close agreement
with the macroscopic tensiometry for drop volumes be-
tween 20 and 2000 nL. Vancauwenberghe et al. [167] re-
viewed the effect of an electric field on a sessile drop.
They observed that an external electric field can change
the contact angle and shape of a droplet. The electric
field also affects the evaporation rate during drying. The
contact angle is not always an increasing function of the
magnitude of the applied electric field, but may be a de-
creasing function for some liquid droplets as well.
Khatun et al. [168] investigated desiccation cracks on
drying droplets of aqueous Laponite solution, in the pres-
ence of a static electric field (DC). The electric field had
cylindrical geometry, the peripheral electrode being an
aluminium wire bent into a circular form of diameter
∼ 1.8 cm. A drop of Laponite gel was deposited in-
side this wire loop. Another aluminium wire with its tip
touching the lower substrate through the centre of the
drop, acted as the central electrode. Typical cracks had
radial symmetry and were found to emerge always from
the positive electrode. With the peripheral electrode pos-
itively charged, the final number of cracks Nsat appear-
ing on the periphery was measured with the field applied
continuously. This was related to the field strength Φ as
6Nsat = Ns
(
1− exp
(
− Φ
Φs
))
(1)
where Ns is Nsat in the limit of a very strong field and Φs
is a constant field. The number of cracks at the centre,
when the central electrode is positive, was found to be 3
in most cases and rarely 4.
The time of appearance of the first crack tcr after de-
position of the drop, was also found to be a function of
the field strength.
tcr = t0 exp
(
− Φ
Φ0
)
. (2)
Here t0 is the time of appearance of the first crack in the
absence of any electric field. Φ0 is a constant field such
that when Φ = Φ0, tcr falls to t0/e.
In another set of experiments, the authors applied the
field for a very short time τ and switched it off before any
crack appeared. In this case the final cracks showed the
same pattern as when the field was always on. However
in this case, the time of appearance of the first crack
was delayed to ta(Φ, τ) and the final number of cracks
reduced to nf (Φ, τ). These quantities were found to obey
simple empirical rules on appropriate transformations of
the variables. The rules are
(ta − tcr)Φ0
Φt0
∝ τ
tcr
(3)
and
(Nsat − nf )Φs
ΦNs
∝ τ
tsat
(4)
These relations quantify the strength and duration of the
memory of electric field exposure retained by the sample.
Following equations (3) and (4), the data for tcr and nf
collapsed on a master graph for different applied voltages.
These results are interesting because the collapse of data
sets with different applied voltage Φ indicates that the
transformed crack appearance times, or rather the extra
time needed for crack appearance when the external field
is switched off before tcr, increases in proportion to Φ
and is a simple function of the non-dimensionalised field
exposure time. The same is true of the number of cracks,
with a reversal in sign, since the number of cracks for
τ = tcr is more than the number when τ < tcr. However,
a theoretical interpretation of the scaling relations is not
yet understood.
The authors further calculated the energy dissipated
Udis in the sample when the field is on and upto the
appearance of the first crack, according to
Udis =
∫ tc
0
ΦI(t)dt. (5)
Here I(t) is the current through the system at time t.
Udis was found to be more or less constant for all applied
voltages.
Scanning electron microscopy (SEM) was done on dif-
ferent regions of the droplet. The images showed that
samples without field exposure or with low field expo-
sure, have more micro-cracks compared to samples ex-
posed to high fields. Field exposure induces large cracks
which release stress, so regions between these large cracks
are relatively flawless. These studies indicate that direct
and alternating electric fields both have a strong effect on
the formation of desiccation cracks and may presumably
be used for intentionally promoting or suppressing crack
growth.
VII. CONCLUSION
There obviously remains much more work to be done
in this interesting and useful area of research. Regarding
directions of research, some tasks should be especially
emphasized
• Obtaining new experimental data, critically needed
for the design and development of adequate models.
• The development of 3D models describing the re-
distribution of the components, the movement of
the phase front and the evolution of the profile of
the drying colloidal droplets with salt admixtures.
In these systems, phase transition from sol to gel
is concentration driven. The thermal phase tran-
sition from liquid to vapor also takes place in this
system. This phase transition leads to a movement
of the liquid-vapor phase boundary, i.e. the droplet
volume decreases and droplet profile changes.
• Considering additional effects that may be crucial
to understanding the processes of pattern forma-
tion, but have not yet been included in the model,
e.g. variations of the viscosity of a colloid with
time and concentration of salts, changes of the va-
por flux above the free surface of the droplets when
the phase boundary (sol-gel) is moving.
• Analyzing the final pattern through tools such as
fractal and multifractal characterization.
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